The performance of liquid desiccant air conditioning system (LDAS) mainly depends on dehumidifier of the system. In this study, the effects of inlet parameters on the performance of liquid desiccant dehumidifiers were studied with and without indirect evaporative cooler or intercooler (IDEC) between the dehumidifier for single stage and double stage. The results show that: i) the dehumidification effectiveness decreases by 8.6% for the all types considered here, with increase in air flow rate from 0.05 kg/s to 0.11 kg/s; ii) the dehumidifier effectiveness decreases due to decrease of moisture removal rate with increasing desiccant temperature in all stages; iii) the moisture condensation rate and dehumidifier effectiveness increases by 30% and 22.67% respectively with increase in desiccant flow rate; iv) the moisture condensation rate is increased by 13% in increasing desiccant concentration. It is concluded that double stage desiccant dehumidifier with indirect evaporative cooler performs better. 
Introduction
The air conditioning load is broadly classified as sensible and latent heat load. In the conventional vapour compression air conditioning system meets total load by cooling the air below the dew point temperature and thus condensing the moisture. If the dew point temperature is much below the required temperature level and hence process air requires sensible heating to bring its temperature to required temperature level. This requirement increases the capacity rating of the compressors and requires high electricity and consequently operates at reduced coefficient of performance (COP) (Kaushik, 1989) . There is a need to separate the latent and sensible cooling load and handle them separately so as to improve the COP of the air conditioners. The desiccant cycles is used to reduce the moisture content of air by partially converting latent cooling load to sensible cooling load.These systems with vapour compression cycle for meeting sensible cooling load and desiccant cycle for latent cooling load are called hybrid systems.
In the desiccant cycles, solid and liquid desiccants are employed, among them liquid desiccants are more attractive because of their operational flexibility and capability of absorbing pollutants and bacteria (Oberg and Goswami, 1998) . Two important components are used in the liquid desiccant cycles such as absorber or dehumidifier and desorber or regenerator. They are responsible for performance of dehumidifier. Dehumidifier cores can be constructed in many ways, one such type is called packed tower. Fumo and Goswami (2002) studied the performance of a packed tower absorber and regenerator for an aqueous lithium chloride desiccant dehumidification system. They developed a mathematical model to predict the performance of the system. Zhao and Shi (2002) provided the criterion for optimisation of moisture removal rate for two different dehumidifiers, namely, adiabatic dehumidifier and inner cooled dehumidifier, which are based on the principle of energy conversation and demand for energy storage during the dehumidification process.
The heat and mass transfer process in the packed bed dehumidifier is affected by many parameters, such as the relative flow direction of the air to the desiccant, the type and material of the packing and the inlet parameters of the air and the desiccant. The dependency of many parameters makes the dehumidification process as complex one, so pure theoretical study usually fails to give satisfactory results (Liu et al., 2007) . Liu et al. (2006) experimentally measured the performance of a cross-flow liquid-desiccant dehumidifier that used structured packing flooded with a solution of lithium bromide. The performance of the dehumidifier was reported in terms of moisture removal rate and dehumidification effectiveness for various desiccant flow rates, temperature, concentration, air inlet temperature, humidity ratio, flow rates. In the experimental and modelling researches carried out by Pietruschka et al. (2006) the Calcium chloride solution offered significantly lower dehumidification potential than Lithium Chloride solution, although it had a cheaper price and no causticity to metal. Xiong et al. (2009) experimentally demonstrated a two-stage solar powered liquid desiccant dehumidification system, for which two kinds of desiccant solution (Calcium chloride and Lithium bromide) are fed to the two dehumidification stages separately. In this study, air moisture (latent) load is separately removed by a pre-dehumidifier using cheap Calcium chloride (CaCl 2 ) and a main dehumidifier using stable Lithium bromide (LiBr). Side-effect of mixing heat rejected during dehumidification process is considerably alleviated by an indirect evaporative cooling unit added between the two dehumidification stages. Xiong et al. (2010) developed a novel two stage liquid desiccant dehumidification system assisted CaCl 2 using exergy analysis method and they proved that the two stage liquid desiccant dehumidification is an efficient system than the basic liquid desiccant dehumidification system. Pradeep et al. (2011) studied the performance comparison of an adiabatic and an internally cooled structured packed-bed dehumidifier. The performance of this absorber has been evaluated at varying desiccant flow rates. The moisture removal rate from the air, the effectiveness of the dehumidifier and the mass transfer coefficients between air and solution have been compared for the dehumidifier operation with and without internal cooling. Wang et al. (2015) investigated a model based optimisation strategy for an actual chiller driven dehumidifier of liquid desiccant dehumidification system operating with lithium chloride solution. Model based optimisation strategy using genetic algorithm is proposed to obtain the optimal set points for desiccant solution temperature and flow rate to minimise the energy usage in the dehumidifier. The result shows that energy consumption using the proposed optimisation strategy can be reduced by 12.2% in the dehumidifier operation.
Many researchers studied the performance of dehumidifier of different types such as adiabatic dehumidifier, internally cooled dehumidifier, two stage dehumidifier with different liquid desiccant solution in each stage. Only very few researchers were studied calcium chloride liquid desiccant in multistage, which motivated the author to study the performance in two stage. In this study two adiabatic dehumidifier and indirect evaporative cooler fabricated in between dehumidifier and calcium chloride is used as a liquid desiccant. The objective of experiment is to study the performance of dehumidifiers for single stage, double stage and with indirect evaporative cooler by varying inlet parameters such as air flow rate, humidity ratio, desiccant flow rate, temperature and concentration. The moisture condensation rate (MCR) and dehumidifier effectiveness (ε) are considered for this study as performance indicators of dehumidifiers.
Description of experimental set up
The schematic diagram of the experimental set up is shown in Fig.1 . It consists of three major components namely dehumidifier, indirect evaporative cooler, and regenerator. The dehumidifier unit comprises outer casing, inner core and three nozzles along with a circulation pump to spray desiccant solution. The outer casing is rectangular in cross section (570 × 200 × 200 mm) made of transparent acrylic sheet. The acrylic sheet is cut into required length and width and joined using adhesive material. The inner core of dehumidifier is made up of fibreglass sheets and covered with non woven fabric. They are kept at 5 mm interval to form 14 channels, through which air and desiccant passes and meets at cross flow direction. The surface area of contact is 280 m 2 / m 3 . The inner core arrangement is placed inside the outer casing, above which three nozzles fitted to spray desiccant solution. A pump is used to circulate the desiccant solution from the solution tank to the nozzle. A 1.5 mm thick galvanised iron sheet duct is attached to both sides of the dehumidifier To prevent carryover of liquid desiccant along with air from dehumidifier to duct a mesh is provided between them. At the top of inner core a perforated tray is provided to even out the liquid desiccant during the operation. The regenerator is another important component in the liquid desiccant air conditioning system. The core of regenerator filled with polyvinyl chloride (PVC) balls of 38 mm diameter to increase contact surface between air and weak desiccant solution, these structure is hold between galvanised iron (G.I) wire mesh, through which air and weak desiccant solution moves in opposite direction. Another function of wire mesh is to distribute the solution evenly. Above the wire mesh a set of nozzles are provided and at the top of regenerator an induced draft fan is fixed to induce the air flow. At the bottom of regenerator, the outlet pipe is fitted to transfer the solution to dehumidifier system. At the bottom of regenerator have holes to allow scavenging air between bottom reservoir and core. The size of indirect evaporative cooler is 570 × 200 × 500 mm, assembled between two dehumidifiers and made of acrylic sheet. The inner core is made of 5 × 5 mm square hole poly propylene (PP) corrugated sheet of size 270 × 500 mm. It is covered with non woven fabric. They are grouped into eight numbers each fixed at 5 mm gap interval form channel. Three sets fixed in indirect evaporative cooler as a core, above the core four nozzles provided to spray the water. Below the core, a water reservoir, pump and provision for make-up water line fitted and gap is provided to allow the atmospheric air. At the top of cooler induced draft fan is placed and dehumidifier connected through G.I ducts at inlet and outlet of cooler. The core form two channels, one is to pass conditioned air and another channel, where atmospheric air and water meets in counter flow direction to produce cold air using evaporative cooling process.
The dry bulb temperature of process air is measured at various points using K-type thermocouples. Relative humidity of air, Desiccant flow rate, Concentration of desiccant and Air flow rate are measured with humidity sensors, rotometer, hydrometer and anemometer respectively. 
Performance calculation
The performance of the dehumidifier was evaluated by calculating the effectiveness and moisture condensation rate of the dehumidifier. The dehumidification effectiveness is an air side characteristic parameter which is related to the mass transfer effectiveness during the dehumidification operation. The effectiveness is defined as the ratio of the actual change in moisture content of the air stream to the maximum possible change in its moisture content under a given set of operating conditions. Thus the dehumidifier effectiveness ε can be expressed as 
Vapour pressure is an important property which determines the air humidity in equilibrium with liquid desiccant at surface. Fumo and Goswami (2002) developed second order polynomial and coefficient were obtained from a curve fit (Uemura, 1967) .
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where the constant are given for dehumidification process as 
Uncertainty analysis
All measurements are subjected to uncertainty as wide range of errors and inaccuracy will occur. Most experimental situation, the final results is not measured directly, instead measurement of several variable are subjected into data reduction equation to obtain the desired quantity. The derived quanties such as mass flow rate, specific humidity of process air at inlet, outlet, equilibrium specific humidity of air and solution are calculated by measuring temperature, relative humidity and velocity at various location of experimental setup. The uncertainties in moisture condensation rate ( ) c m u and dehumidifier effectiveness (u ∈ ), were found based on the equation (4.1) (Holman, 2013) and the results were ± 2% and ± 3% respectively. The uncertainty of instruments used in the study is given in Table 2 . 
where x 1 , x 2 , ………………x n are measuring quantities ω 1 , ω 2 ………………ω n are uncertainty of measuring quantities R -is derived quantities ω R -is uncertainties of derived quantities.
Results and discussion
The effect of various inlet parameters similar to desiccant flow rate, concentration, temperature and air flow rate and specific humidity are studied and given in the form of graphs. Figure 2 shows the effect of air flow rate on the moisture condensation rate of single, double and double stage dehumidifier with intercooler. The moisture condensation rate increases with increase in air flow rate for all type of experiments. A higher air flow rate will move the dehumidified air more rapidly away from the interface, this reduce the humidity gradient between desiccant solution and air at the interface. It increases the mass transfer coefficient. However, a higher air flow rate means more volume of air to be handled in the dehumidifier, which will increase the air specific humidity ratio through the tower due to the reduced residence time (contact time) in the dehumidifier. The equilibrium humidity of the solution tends to increase due to higher moisture removal rate. In the double stage with intercooler, the moisture condensation rate is more due to inlet condition of desiccant solution and process air in the second dehumidifier. The dehumidifier effectiveness decreases by 8.6% with increase in air flow rate from 0.05 kg/s to 0.11 kg/s, due to increase in specific humidity of air at outlet in all types. It is depicted in Figure 3 . 
The effect of air flow rate

The effect of desiccant temperature
The influence of desiccant temperature on the dehumidifier performance is shown in Fig.4 . It is seen that moisture condensation rate decreases with the increase in desiccant temperature. It is due to reduction in vapour pressure difference between desiccant and air; this will decrease the mass transfer potential of the dehumidifier. The effect of desiccant temperature on dehumidifier effectiveness is shown in Figure 5 . The dehumidifier effectiveness decreases due to decrease of moisture removal rate with increasing desiccant temperature in all stages. 
Effect of air specific humidity ratio
The influence of specific humidity of air on the dehumidifier performance is shown in Figure 6 for single stage, double stage and double stage with intercooler. Comparison of all cases, the double stage with intercooler removes more moisture from the air than other two types. Moisture condensation rate increases with increase in specific humidity of air due to high vapour pressure difference between air and solution. This causes an increase in the mass transfer potential within the dehumidifier and hence moisture condensation rate is increased by 14%. The effectiveness of dehumidifier increases with increase in air specific humidity by 10.5%, because of increase in equilibrium specific humidity is witnessed in Figure 7 . 
Effect of desiccant flow rate
The moisture condensation rate is enhanced when the flow rate of solution is increased and is shown in Figure 8 . It is due to the driving potential for heat transfer is greater when the temperature difference between solution and process air remains high as a result of higher solution flow rate throughout the dehumidifier, so increase in solution flow rate results in a higher moisture condensation rate. The absorption heat released during the dehumidification process as a little impact on the dehumidification rate. The driving potential for the mass transfer is greater when the partial vapour pressure difference of water vapour between the solution and process air remains high as a result of the higher solution flow rate. Increasing the desiccant flow rate increases the wetting area as well as mass transfer area. The effectiveness of dehumidifier increases with increase in desiccant flow rate is shown in Figure 9 . The moisture condensation rate and dehumidifier effectiveness increases by 30% and 22.67% respectively with increase in desiccant flow rate in double stage with intercooler. 
The effect of desiccant concentration
The effect of desiccant concentration is shown in the Figure 10 . The moisture condensation rate is increased significantly with increasing desiccant concentration. This is because, increase in desiccant concentration decreases the desiccant surface vapour pressure, as a result the vapor pressure difference between desiccant and process air within the dehumidifier increases. This leads to low air outlet humidity ratio and hence, higher moisture condensation rate. In double stage, moisture condensation rate increases, due to fresh desiccant solution meets process air in second dehumidifier and vapour pressure between air and desiccant solution increases. Both w e and w o decreases with increase of desiccant concentration. But (w i -w e ) decreases more and leads to an increase in dehumidifier effectiveness. The effectiveness of dehumidifier increases with increase in desiccant concentration and is shown in Figure 11 . In double stage with intercooler, the increases in equilibrium humidity on the contact surface between air and solution and changes in temperature of process air at inlet of second dehumidifier, the moisture condensation rate is increased by 13%. The result shows that the performance of liquid desiccant dehumidifier is increased with addition of indirect evaporative cooler. But the initial investment cost increased by 24.1% of system and running cost by 6.8%.
The effect of input parameters on moisture condensation rate in all types
The effects of input parameters on moisture condensation rate are shown in Figure 12 . It shows that the influence of desiccant concentration is very high than other parameters. The specific humidity of air and desiccant temperature are equally important for condensation of moisture. The desiccant flow rate is least important parameter compare to other parameters. 
Conclusions
The performance of liquid desiccant dehumidifier is investigated experimentally in this study. The moisture condensation rate of dehumidifier increases with increase in air flow rate, humidity ratio, desiccant flow rate and concentration and it decreases with desiccant temperature. The percentage of influence of inlet parameters on MCR are 33%, 24%, 23%, 12% and 8% by desiccant concentration, temperature, specific humidity of air, air flow rate and desiccant flow rate respectively. The dehumidifier effectiveness increases with air specific humidity, desiccant flow rate and concentration. It is decrease with air flow rate and desiccant temperature in two stage dehumidifier without indirect evaporative cooler. The moisture condensation rate increases by 30% and 13% with increase in desiccant flow rate from 0.10 kg/s to 0.22 kg/s and desiccant concentration from 0.30 to 0.45 kg/ kg of solution respectively. It is concluded that double stage desiccant dehumidifier with indirect evaporative cooler gives better performance. 
Greek symbols
ε -effectiveness.
